Abstract. The micronization of ampicillin via supercritical gas antisolvent (GAS) process was studied. The particle size distribution was significantly controlled with effective GAS variables such as initial solute concentration, temperature, pressure, and antisolvent addition rate. The effect of each variable in three levels was investigated. The precipitated particles were analyzed with scanning electron microscopy (SEM) and Zetasizer Nano ZS. The results indicated that decreasing the temperature and initial solute concentration while increasing the antisolvent rate and pressure led to a decrease in ampicillin particle size. The mean particle size of ampicillin was obtained in the range of 220-430 nm by varying the GAS effective variables. The purity of GAS-synthesized ampicillin nanoparticles was analyzed in contrast to unprocessed ampicillin by FTIR and HPLC. The results indicated that the structure of the ampicillin nanoparticles remained unchanged during the GAS process.
INTRODUCTION
The dissolution rate and bioavailability of many pharmaceuticals is limited by particle size. Reduction of particle size increases the contact surface with the solvent in the body and dissolution rate increases. The conventional methods of micronization have some problems such as mechanical stress, residual solvent, high thermal and wide particle size distribution. Alternative methods such as the precipitation process, which involves the supercritical fluids (SCFs), have been proposed. The most commonly used SCF is carbon dioxide because it possesses special properties such as being nontoxic, non-reactive, non-flammable, and inexpensive (1) .
The rapid expansion of supercritical solutions (RESS), aerosol solvent extraction system (ASES), gas antisolvent (GAS), supercritical antisolvent (SAS), solution-enhanced dispersion by supercritical fluids (SEDS), and particles from gas-saturated solution (PGSS) are some methods for particle precipitation with SCFs. When the pharmaceutical has a high solubility in the supercritical fluids the RESS process has been suggested (2) (3) (4) (5) (6) (7) (8) (9) . The micronization of pharmaceutical compounds, with low solubility in supercritical fluids, was investigated via antisolvent techniques (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) .
In the GAS processes, a solute is dissolved in solvent and loaded into a crystallizer. The solution is then expanded by injecting carbon dioxide into the crystallizer. The sharp reduction of solute solubility in liquid phase is observed and subsequently particle precipitation occurs. The antisolvent techniques for drugs with low solubility in the supercritical fluid are used. The mean particle size and particle size distribution are controlled by GAS variables. These variables are pressure, temperature, antisolvent addition rate, and initial solute concentration.
Various drugs are micronized by GAS process. Micro particle production of carbamazepine via GAS process was studied (29) . Cocero and Ferrero (30) studied the effect of temperature and solvent type in the GAS process of β-carotene. The GAS method was used to control the cholesterol particle size and particle size distribution (31) . The effect of crystallization variables such as temperature and type of solvent was studied on caffeine particle size (32) . The results of Bakhbakhi et al. (33) analysis indicated that the mean particle size of phenanthrene was decreased by increasing the antisolvent rate and decreasing temperature.
Fusaro et al. (34) investigated the paracetamol precipitation by GAS process. Solvent and antisolvent were acetone and carbon dioxide, respectively. The experimental results indicated that particle size decreased with increasing the antisolvent rate and decreasing the temperature. The paracetamol particle size was independent of the initial concentration.
The effect of process variables (pressure, temperature, flow rate, and concentration) on the size and shape of Ginkgo particle was studied in the GAS process. Their experiments showed that particle size was reduced by increasing flow rate and decreasing the concentration and temperature (35) . The experiments for production of belcomethasone-17,21-dipropionate with GAS process was investigated by Bakhbakhi et al. (36) . The effect of variables such as antisolvent rate (1, 50, 75, and 100 mL/min), temperature (25°C, 32.5°C, 40°C, and 52.5°C), solute concentration (5%, 25%, 70%, and 100%) and stirrer speed (500, 1000, 2000, and 3000 rpm) was investigated (36) . The micronization of 5-fluorouracil via GAS process was investigated (37) .
Ampicillin is used to treat different types of infections caused by bacteria. Reverchon (38) proposed the supercritical assisted atomization method to improve size distribution of ampicillin. Micronized particles of ampicillin were generated with SAS process (39) . Tenorio et al. (40) investigated the experimental precipitation of ampicillin via SAS technique. They studied the effect of solvents and pressure on particle size. Homogeneous spherical ampicillin nanoparticles were obtained by the SAS process with 1-methylene-2-pyrrolidone as solvent (41) . Montes et al. (42) studied the ampicillin precipitation via SAS process. The N-methylpyrrolidone was used as solvent in their work. The thermodynamic and Kinetic modeling of ampicillin nanoparticles synthesis via supercritical gas antisolvent process was investigated (43) .
In this study, the GAS technique was employed to generate ampicillin nanoparticles. The effect of the GAS process variables such as temperature (34°C, 40°C, and 46°C), concentration (20, 60 , and 100 mg/mL), pressure (9, 12, and 15 MPa), and antisolvent flow rate (1.6, 2, and 2.4 mL/min) on the particle size and size distribution of ampicillin particles was investigated. The final product was characterized with HPLC and FTIR analysis.
EXPERIMENTAL Materials
Ampicillin was obtained from Sigma-Aldrich Co. Dimethyl sulfoxide (DMSO) (≥99%), n-hexane (≥95%), and all of the chemicals used for HPLC analysis were purchased from Merck Co. (≥99%). Industrial-grade carbon dioxide (≥99%; Zamzam Co.) was used as the supercritical fluid.
Experimental Set-Up
A scheme of GAS apparatus is shown in Fig. 1 . Carbon dioxide was stored in cylinder (1) . It was filtered with a column of molecular sieve beads (2). CO 2 was liquefied in a cooler (3), and subsequently pumped by high pressure pump (4). Carbon dioxide was heated before entering the precipitation vessel (7) by spiral preheater (6) in an oven (9) . The pressure was adjusted by back pressure regulator (10) . Particles were precipitated on a sinter filter (8) at the bottom of precipitation vessel.
Characterization
The generated ampicillin particles were characterized by SEM and Zetasizer Nano ZS. Moreover, HPLC (using UVvisible detector and column C 18 , 5 μm, 25 cm×4.6 mm; Jasco) analysis was used to investigate the purity of the final experi m e n t a l p r o d u c t . T h e 5 0 m M s o d i u m a c e t a t e solution:acetonitrile (75:25) with a flow rate of 1 mL/min was used as mobile phase (44) . FTIR spectroscopy (FTIR; Tensor 27, Bruker) was performed to analyze the purity and structure of ampicillin nanoparticles.
Experimental Procedure
Batches of ampicillin solutions dissolved in DMSO were prepared with various concentrations. One milliliter of this solution was added into the precipitation vessel. The carbon dioxide injection into the precipitation vessel was started and continued until the desired pressure was reached. Subsequently, the carbon dioxide injection was stopped and the system was allowed 30 min to reach equilibrium. Then, the outlet valve was opened and the system was flushed with pure CO 2 at the final pressure which is the same as initial pressure. The solvent was separated from the ampicillin particles with a constant CO 2 flow rate. Then the particles were dried. The particles were precipitated to the bottom of the vessel. Finally, the particles were collected and analyzed by SEM, Zetasizer Nano ZS, HPLC, and FTIR. 
RESULTS AND DISCUSSIONS
The solubility and sustained release of drugs in the body is usually controlled by size and size distribution of particles. Therefore, investigation of the effective GAS variables on the size and size distribution of medicines is considered to be a vital research step in the pharmaceutical industry. In this regard, GAS process variables such as initial solute concentration, temperature, pressure, and antisolvent addition rate change the particle size. Thus, GAS experiments were conducted to study the influence of each variable on the ampicillin particle size distribution. This investigation was carried out with the optimization method of one-at-a-time technique in which the effect of one variable was studied, while the other variables were kept constant at a selected value.
Effect of the Initial Solute Concentration
The particle size distribution was studied by varying the initial solute concentration (20, 60 , and 100 mg/mL) at fixed temperature, pressure, and antisolvent addition rate of 40°C, 12 MPa, and 2 mL/min, respectively. Figure 2 shows the produced volume percent distribution for three sets of experiments at different initial solute concentration. Figure 3 shows the mean particle size as a function of initial solute concentration. When the solute concentration was increased, a larger mean particle diameter was obtained.
The observed results in our study can be explained in conjunction with the plot of solute concentration versus volume expansion. There are three distinguished zones (45) in this plot, namely, stable, metastable, and nucleation. When initial solute concentration increased, the nucleation was obtained at lower volume expansion. Therefore, the nucleuses were allowed to grow in a longer time. Chen et al. Their report indicated that mean particle diameter increased with increasing concentration.
Effect of Temperature
A set of experiments was carried out at temperature of 34°C, 40°C, and 46°C, at pressure, initial solute concentration, and carbon dioxide addition rate of 12 MPa, 60 mg/mL, and 2 mL/min, respectively. The particle size and particle size distribution of ampicillin were analyzed. Figure 4 shows the produced volume percent distribution for three sets of experiments at different temperature. For the lowest temperature, i.e., 34°C, mean particle diameter is 340 nm. When temperature was increased, larger mean particle diameter was indicated. The mean particle diameter at three levels of temperature is shown in Fig. 5 . As illustrated in Fig. 5 , an increase in the temperature for the precipitation process increased the ampicillin mean particle size.
Particle precipitation via GAS process occurs by increasing the volume expansion and decreasing the solubility. Temperature is an important effect in this process because it can change the solubility, supersaturation, and nucleation. While the temperature increases, the solubility of many drugs increases in organic solvent. Volumetric expansion decreases with increasing temperature in GAS process. Then, saturated and critical supersaturation lines are shifted upwards. The profile of the GAS moves to saturation line. The prevailing mechanism is growth. Therefore, larger mean particle sizes are obtained at the higher temperature. The effect of temperature on GAS process for different materials was also studied by 7 . SEM photomicrographs of obtained ampicillin by GAS at temperature of 34°C, CO 2 flow rate of 2 mL/min, initial solute concentration of 60 mg/mL, and pressure of 15 MPa Fig. 8 . Particle size distribution of produced ampicillin by GAS process (34°C, 2 mL/min, and 60 mg/mL) at various pressures of 9, 12, and 15 MPa Fig. 9 . Mean particle size of obtained ampicillin by GAS process (34°C, 2 mL/min and 60 mg/mL) as a function of pressure (9, 12, and 15 MPa) Fig. 10 . Particle size distribution of produced ampicillin by GAS process (34°C, 12 MPa, and 60 mg/mL) at various antisolvent flow rates of 1.6, 2, and 2.4 mL/min
Effect of Pressure
The effect of the pressure on particle size and particle size distribution was investigated using the pressures of 9, 12, and 15 MPa at constant temperature, CO 2 flow rate and initial ampicillin concentration of 34°C, 2 mL/min, and 60 mg/mL, respectively. The SEM photomicrographs of ampicillin particles at pressure 12 and 15 MPa are shown in Figs. 6 and 7. The comparison of particles in these figures indicated that particle size was decreased when the pressure was increased. The nucleation mechanism prevailed when the pressure was increased. Thus, smaller particles were observed. Figure 8 shows the produced volume percent distribution for three set of experiments at different pressure that were measured by Zetasizer Nano ZS. The mean particle diameter is 220 nm at pressure 15 MPa. As indicated in Fig. 9 , it is clear that the average particle size decreases with increasing pressure in a linear trend. Similar results were obtained for gas antisolvent precipitation of pharmaceutical compound (G. ginkgolides) with supercritical CO 2 by Chen et al. (35) .
Effect of Antisolvent Addition Rate
The particle size was investigated by varying the carbon dioxide addition rate (1.6, 2, and 2.4 mL/min). Fixed variables were temperature (40°C), pressure (12 MPa), and initial ampicillin concentration (60 mg/mL). Figure 10 shows the volume percent distributions at three experimental flow rates. When the antisolvent addition rate was increased, a smaller mean particle diameter was obtained. The mean particle diameter versus carbon dioxide addition rate is shown in Fig. 11 .
The volume expansion and then supersaturation occurs when enough antisolvent is added to the precipitator. Then, the primary nucleuses of particle are created. A higher number of nucleus forms with primary nucleation at higher antisolvent addition rate. Therefore, solute concentration in liquid phase and supersaturation reduced quickly. At this time, a large number of particles with high surface area are formed. Thus, secondary nucleation occurs and a large amount of supersaturation is discharges. The solute concentration in liquid phase reduces when supersaturation drains. The driving force of particle growth is the solute concentration difference between the solution and particle surface. Therefore, the nucleation mechanism succeeds and growth rate is decreased. The same results were observed by Bakhbakhi et al. (36) , Muller et al. (45) , and Park and Yeo (32). The influence of antisolvent addition rate on particle size was illustrated by Muller et al. (45) . As indicated in their investigation, the system shifts into the nucleation zone and then the solute concentration reduces at higher antisolvent addition rate. Therefore, the system moves to metastable zone, where particles grow on this zone. The large amount of supersaturation is discharged in nucleation zone rather than in metastable zone, thus the smaller mean particle size is obtained at a higher antisolvent addition rate. Similarly, Bakhbakhi et al. (33) studied the effect of carbon dioxide addition rate on the phenanthrene concentration versus volume expansion. Their result showed the same trend.
Ampicillin Nanoparticles Analysis
The HPLC chromatograms of the GAS produced and unprocessed ampicillins are shown in Fig. 12 . A very similar retention time (4 min) was observed in the chromatographic characteristics of ampicillin before and after the micronization by GAS process. Figure 13 shows the FTIR analysis of the ampicillin before and after the micronization. The comparison of FTIR spectra of GAS and virgin ampicillin indicated that the nature of ampicillin did not change.
This analysis indicated that the GAS process was a suitable method for micronization of ampicillin component. The ampicillin nanoparticles without any change in nature and structure were produced.
CONCLUSIONS
In summary, the GAS and its effective variables such as initial solute concentration, temperature, pressure, and antisolvent addition rate for production of ampicillin nanoparticles were investigated. Ampicillin, carbon dioxide, and DMSO were used as solute, antisolvent, and solvent, respectively. The influence of each variable was investigated at three levels. Experimental results indicated that the mean particle size and particle size distribution were controlled with effective GAS process variables. These results illustrated that increasing the antisolvent flow rate from 1.6 to 2.4 mL/min led to a decrease in ampicillin particle size from 359 to 260 nm. The mean particle size was 425 nm for the lowest pressure (9 MPa). When the pressure was increased, a smaller mean particle size (220 nm) was obtained. The smaller mean particle size was observed in the lower temperature and initial solute concentration.
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